Abstract-
mA, V ce = 1:5-3:5 V) and from 0.5 to 25.5 GHz. Simulated data calculated with the HBT model 1 variant showed good fits to measurements. Such fits were superior to those obtained with an SGPM developed for the same device. These results manifest the superiority of the HBT model 1 model compared to the SGPM. Large-signal data were also employed to further validate the extracted models. The HBT's were measured at 840 MHz under four different load/source impedances and continuous wave (CW) excitation using a passive load-pull setup. The quiescent bias condition was Ic = 17 mA, Vce = 3 V. Table II lists the different terminations together with their second and third harmonic impedances. Fig. 4 shows the measured and simulated transducer gain, power-added efficiency, and collector current as a function of the available input power, respectively. A good agreement is observed for all four cases.
V. CONCLUSIONS
In this paper, the base-collector bias dependence of a recently published HBT large-signal model was modified in order to properly reflect the operational characteristics of power HBT's. The minority-charge bias dependence is determined by employing optimization of all transit-time-related model parameters using the effective base-collector capacitance and the cutoff frequency as simultaneous optimization goals. The modified model resulted in good correspondence between measured and simulated small-and large-signal device characteristics.
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I. INTRODUCTION
Phased-array antennas with highly directional steerable beams are becoming key components of many military, navigation, and satellite communication systems. Requirements for these devices to be small, lightweight, immune to electromagnetic interference, and most importantly, very broad band, have led to the development of phasing elements involving photonic components [1] . The use of optical delay lines in photonically controlled phased arrays has been established as a successful means of providing broad-band phasing between the elements [2] - [4] . However, many systems based on this technique require tunable lasers and/or large numbers of optical switches and, hence, incur considerable expense and complexity.
In this paper, we present a novel broadband electronically tunable RF phase-shifter design. The bandwidth of the design is competitive with true-time delay devices, but has the advantage of a continuously tunable phase shift with a single device. This reduces the number of devices and complexity required for antenna phasing and allows for a continuously steerable beam. Our design is verified through the production and demonstration of a proof-of-concept device utilizing readily available photonic components. The scale of the prototype limited operation to below 80 MHz; however, as predicted, multioctave-bandwidth tunable operation is demonstrated.
Section II of this paper describes the operation of the phasing unit and presents a simple theoretical analysis of its behavior. This analysis is then used in Section III to investigate the range of validity of the proposed design. Section IV describes the prototype device and measurements used to verify its behavior. Section V discusses possibilities for development of this device for practical systems application.
II. PRINCIPLE OF OPERATION AND THEORY
The proposed phase-shifter device consists of a variable optical directional coupler and an optical delay line, as shown in Fig. 1 . The delay line provides feedback from Ports 2 to 4, while Ports 1 and 3 are connected to a laser diode and photo diode, respectively. The RF signal applied to the laser diode modulates the optical carrier, which is launched into Port 1 of the coupler. The coupler then splits the signal into the ratio x : (1 0 x) for Port2 : Port3, where x is in range 0-1 and is variable depending on the dc voltage applied to the coupler. The split signal at Port 2 then enters the delay line and is then reintroduced to the coupler at Port 4. It is then further split in the ratio (1 0 x) : x. A portion proceeds to Port 3 and the remainder reenters the delay line. The total output resulting at Port 3 is a series of attenuated, delayed versions of the input at Port 1. This then proceeds to the photodetector, where it is converted back to an RF signal.
The detected RF signal can be expressed as
which reduces to
where = 2f nL=c is the phase shift due to the delay line, f is the RF frequency, n is the propagation constant of the delay line, L is the length of the delay line, and c is the speed of light.
From (2), it is evident that the output will be a scaled and phaseshifted version of the original input signal. For the extreme cases when x = 0, E out = E in , and when x = 1, E out = e j E in . As x is varied from 0 to 1, by applying a dc voltage to the coupler, the phase shift of the detected RF signal will vary, continuously, from 0 to . 
III. ANALYSIS AND RANGE OF VALIDITY
In order for phased-array antennas to maintain a beam angle over a broad range of frequencies, they require phase-shifting components with phase that scales linearly with frequency. Phase shifters with these characteristics based on the true time-delay technique [3] have been demonstrated. However, to achieve continuous beam steering, this phase shift must be tunable, while maintaining its linearity over the frequency range of interest.
Thus, for our device to meet these requirements, it must be able to produce a reasonable phase shift that scales linearly with frequency and can be tuned over a reasonable range of phase shifts while maintaining this linearity. Devices with phase shifts ranging from 0 to 400 , with 6 error, and a signal loss of 28 dB have been reported [5] . These values will be used as a guide for a practical analysis of our device. To investigate the range over which the device may operate, it is necessary to examine (2). The delay in (2) was set as 180 at 140 MHz to model the delay incurred by the fiber delay line used in the proof-of-concept demonstration to be introduced in Section IV. To analyze this relationship more quantitatively, a least squares line fit [7] was applied to each curve. The phase was then taken to be that of the fitted line, with the largest departure of the curve from this line taken as the phase error. From this, it was found that x = 0:7 produced a maximum phase error of 6 and all splitting ratios below this produced unacceptably high phase errors, with the exception of the x = 0 line, which produces 0 phase shift irrespective of frequency. If the frequency range is reduced, however, the range of usable splitting ratios is increased. Conversely, if a larger frequency range is desired, the range of usable splitting ratios is reduced and, hence, there is a tradeoff between tunability within a specified phase error and bandwidth. Fig. 3 shows the theoretical attenuation of the RF signal resulting from (2) as a function of RF frequency and coupling ratio (x). It is evident that as the frequency approaches the resonance, the RF attenuation increases rapidly. Below about 80 MHz, however, the attenuation can be seen to vary over only about 4.5 dB, which is an acceptable level for practical operation and allows for several devices to be cascaded to provide larger phase shifts. In any practical coupler, there will be losses associated with reflections and scattering at the fiber waveguide interfaces. To model these losses, we introduced a 0.5-dB reduction in optical power at each of the four ports of the coupler in (2) . Fig. 4 depicts the phase shift as a function of frequency for this modified equation. It is clear that linearity has been improved due to the introduction of the loss and, hence, the broadening of the resonance. Using the least squares line fit method, as described above, it was found that the phase error at x = 0:7 (51 at 80 MHz) was 4 . The tunability had improved from 24 to 50 . This improvement, however, comes at the price of increased overall insertion loss. Fig. 5 shows the RF attenuation with the inclusion of device losses indicating a maximum loss of around 7 dB at 80 MHz. It is worth noting that the variation in device loss has reduced to around 3.5 dB, which again, is an acceptable level for a practical device.
In order to be competitive with the device reported in [5] , we would require to cascade four of the above devices to achieve a maximum phase shift of 400 . This would, however, suggest a minimum phase shift of 200 , a peak loss of 28 dB, and a phase error of 16 , which are unacceptable. If instead of tuning all four devices in unison, we tune first from 50 to 100 with a single device, with all other devices set to zero phase shift, the contribution to signal loss and phase error will be due to one device only. If we then set two devices to 50 for a total of 100 and then tune the pair from 100 to 200 , the phase error and loss will peak at twice the peak value for a single device. We can then set the first shifter to its maximum of 100 , which will have minimal loss and phase error, and then tune a subsequent pair from 100 to 200 for a total of 300 . This can be continued for many devices, incurring loss and phase error that is approximately only twice the peak value for a single device. In this particular case, the loss would be approximately 14 dB and the phase error approximately 8 , which is comparable with the system discussed in [5] . Other configurations are possible, but this will be the topic of further research.
IV. DEMONSTRATION OF PROOF-OF-CONCEPT DEVICE
The proof-of-concept device was constructed from a preexisting Ti diffused LiNbO 3 optical directional coupler [6] , and a 73-cm length of single-mode fiber as the optical feedback loop, as depicted in Fig. 1 . The length of the feedback loop was limited by the fiber pigtailing technique used, and was measured to produce 180 phase shift at 140 MHz, indicating that the operating frequency should be below this.
The experimental setup used to determine the RF response of the proposed phase shifter is also depicted in Fig. 1 . The output port of an HP 4195A vector network analyzer (VNA) directly modulated a 1300-nm laser diode, which was connected to the input of the phaseshifter device. The output of the phase shifter was connected to a photo diode via a short length of fiber and the resulting electrical signal was fed to the input port of the network analyzer.
Initially, the effect of varying the coupling ratio on the phase of a single frequency was investigated. Fig. 6 shows the measured phase shift as a function of voltage applied to the directional coupler at 80 MHz. The splitting ratio is also shown. It is evident that the phase shift may be electronically tuned from 0 to a maximum of 86 in a continuous fashion. The linearity of these various phase shifts with frequency was then investigated for several different coupling ratios. Fig. 7 presents the phase shift observed over the range of frequencies 1-100 MHz for various splitting ratios. The losses and inherent phase shifts of the directional coupler, in isolation, were measured and incorporated into the theory using the S-parameter technique [8] . The lines represent this theoretical result and the points represent the experimental values. It is evident that there is good agreement between theory and practice. A line of best fit was produced for the measured phase shift versus frequency. The maximum deviation of the measured data from this line was 4 , thus verifying sufficient linearity of the device with frequency. 
V. CONCLUSIONS
A novel broad-band tunable RF phase-shifter design has been presented and verified through the demonstration of a proof-ofconcept device. The prototype device achieved a tunable range of phase shifts over the frequency range of 1-80 MHz, with a valid maximum phase shift tunable from 40 to 80 varying linearly with frequency to within 4 . These characteristics are comparable to those reported for more complex and expensive true time-delay techniques. However, our device offers a continuous range of phase shifts, implying that a continuously steerable beam could be achieved for a phased-array antenna. The low frequency of operation was dictated by the large scale of the proof-of-concept device. The device may be scaled for operation up to several gigahertz, which will be the topic of further research.
I. INTRODUCTION
Design of printed wire boards (PWB's) for high-speed circuits requires careful analysis of signal transmission problems. Such analysis is based on electrical models of interconnections in the form of transmission lines. Models are simplified to lossless transmission lines because they are relatively easy to analyze and they adequately depict such phenomena as crosstalk or reflections at the terminations. The only parameters that are underestimated by lossless lines are signal delay and dispersion. These effects cannot be adequately analyzed using lossless transmission lines. However, crosstalk and reflections are very important in signal integrity considerations and there are several papers dealing with analyses of multiple-coupled lossless transmission lines. Such analysis involves some intricate aspects of numerical linear algebra, which are not typically known. A paper by Lei et al. [2] attempts to describe and systematize the details of such an analysis. However, further modifications yielding very efficient
